Objectives: The purpose of this study was to compare the distribution of chloramphenicol and kanamycin resistance genes across three populations of porcine Escherichia coli.
Introduction
Antimicrobials are heavily used in veterinary medicine and agriculture. Over time, bacteria develop resistance to these agents, which may later persist despite discontinuation of the corresponding antimicrobial agents. This was observed with chloramphenicol, as resistance to this antimicrobial was still high after its ban in 1985. [1] [2] [3] [4] To counter the rise of antimicrobial resistance, there is a push to establish legislation to ban/limit the use of antimicrobials for growth promotion and disease prevention in agriculture. Therefore, it is important to investigate mechanisms driving antimicrobial resistance persistence and to determine potential effects of banning single selected antimicrobial agents in food animals versus applying general limitations.
Unlike chloramphenicol, neomycin is used in the Ontario swine industry; 5 however, resistance to kanamycin/neomycin shows similar distributions to chloramphenicol resistance in porcine Escherichia coli. 3 The comparison of resistance gene distributions and their linkages with other genes may help elucidate the reasons for the observed similarities in frequency and the persistence of chloramphenicol resistance.
The objective of the present study was to assess and compare the frequency and distribution of chloramphenicol and kanamycin/neomycin resistance genes among porcine E. coli and to investigate gene clustering. Potential gene associations were detected by statistical analysis, followed by molecular investigations to confirm gene linkages. Based on previous studies, 2 three main resistance genes were investigated for both chloramphenicol (catA1, cmlA and floR) and kanamycin (aphA1, aphA2 and aadB).
Materials and methods

Bacterial isolates
A total of 318 porcine E. coli isolates previously classified as enterotoxigenic E. coli (ETEC), non-ETEC from cases of diarrhoea and commensals from healthy pigs, and characterized in detail for their antimicrobial resistance and virulence genotypes, were used. 3 Epidemiologically unrelated isolates (n = 166) were selected as described previously.
3 All isolates were previously tested for their susceptibility to 19 antimicrobial agents using the broth microdilution method and disc diffusion. 3 In epidemiologically unrelated isolates, 61% (45-77%) and 56% (40-72%) of ETEC isolates, 45% (28-62%) and 15% (3-27%) of non-ETEC isolates, and 19% (12-26%) and 10% (4-16%) of commensal isolates were chloramphenicol resistant (chl R ) and kanamycin resistant (kan R ), respectively. 3 
Genotyping
Genotypes for resistance to tetracycline [tet(A), tet(B), tet(C)], spectinomycin/streptomycin (aadA), streptomycin (strA/strB), sulphonamides (sul1, sul2, sul3) and apramycin/tobramycin/gentamicin [aac(3)IV] had been previously assessed. 3 Single, duplex and triplex PCRs were used to detect catA1; cmlA and floR; and aphA1, aphA2 and aadB, respectively, using the multiplex PCR kit from QIAGEN Ò (Missisauga, Ontario, Canada). The primers for catA1, floR and aphA1 had been previously described and validated. 2 New primers for cmlA (cmlA-L: TTGCAACAGTACGTGACAT, cmlA-R: ACA-CAACGTGTACAACCAG), aphA2 (aphA2-L: GATTGAACAAGA-TGGATTGC, aphA2-R: CCATGATGGATACTTTCTCG) and aadB (aadB-L: GAGGAGTTGGACTATGGATT, aadB-R: CTTCATCG-GCATAGTAAAAG) were designed and validated by comparison with susceptibility testing and dot-blot hybridization results following standard protocols. 6 All PCRs used an annealing temperature of 55 C and the products for cmlA, aphA2 and aadB were 293, 347 and 208 bp long, respectively. The control strains used for aadB, aphA2 and floR were Tn1409, M155 and CVM-1807 as used previously. 2 The control strains used for aphA1, catA1 and cmlA were AMR-108, AMR-110 and RL-0607 from our collection. Virulence genotypes for faeG, fanA, fasA, fedA, aida-1, astA, elt, estA, estB, stx2e, paa and sepA were previously detected by PCR. 3 
Transformations
Plasmid DNA was obtained from E. coli isolates randomly selected based on their chl R genotype (n = 16) and kan R genotype (n = 15) using the QIAGEN Ò plasmid mini kit. Southern hybridizations for catA1, cmlA, floR, aphA1, aphA2 and aadB were performed with the plasmid DNA from each isolate following standard protocols 6 to confirm they were plasmidic. Probes were made using the DIGlabelling kit (Roche, Mannheim, Germany) and the aforementioned PCRs. Plasmid DNA was transferred into E. coli DH10B by electroporation using a Bio-Rad electroporation pulser (Bio-Rad, Hercules CA, USA) following standard protocols. 6 Transformants were recovered using Luria-Bertani (LB) agar (Becton Dickinson, Sparks, MD, USA) containing 20 mg/L chloramphenicol (SigmaAldrich, St Louis, MO, USA) or 50 mg/L kanamycin (Sigma-Aldrich).
Plasmids were isolated from transformants using the QIAGEN Ò plasmid mini kit. Gel electrophoresis confirmed that each transformant contained single plasmids.
Each transformant, recipient strain DH10B and control strains were tested for susceptibility to ampicillin, cefoxitin, chloramphenicol, trimethoprim, ceftiofur, spectinomycin, amoxicillin/clavulanic acid, tetracycline, gentamicin, sulfisoxazole, apramycin, florfenicol, kanamycin and neomycin by disc diffusion.
7 PCR was performed on transformants to confirm the presence of catA1, cmlA, floR, aphA1, aphA2 or aadB and to detect other antimicrobial resistance genes (AMR genes), including bla CMY-2 , 8 and virulence genes described elsewhere. 3 
Statistical analysis
Ninety-five per cent confidence intervals on proportions were obtained using NCSS (NCSS Statistical Software, Kaysville, UT, USA were obtained with software produced by William Sears, Department of Population Medicine, Ontario Veterinary College, Guelph, Canada.
Results
Genotyping
The distribution of catA1, cmlA, floR, aphA1, aphA2 and aadB in ETEC, non-ETEC and commensal populations is presented in Figure 1 . The catA1 gene was more prevalent among ETEC isolates (P £ 6.81 · 10 -8
). The cmlA gene was more prevalent among commensal isolates (P £ 0.0001). The floR gene was found with similar frequencies among both ETEC and non-ETEC populations (P ‡ 0.33), but was absent among commensals (P = 0.16). The proportion of aphA1, aphA2 and aadB was not significantly different among the three E. coli populations (P ‡ 0.3). Statistical associations between the chl R and kan R genes, AMR genes and virulence genes are presented in Table 1 .
Transformations
Hybridization studies demonstrated that chl R and kan R genes were plasmidic in all 31 isolates investigated (results not shown). Despite repeated attempts only 11 chl R transformants and 11 kan R transformants containing single plasmids were obtained. The resistance phenotype of all but one transformant matched the genotypes obtained by PCR. The only exception was a cmlA-positive transformant with a slightly reduced susceptibility to florfenicol despite the absence of a detectable floR. Physical linkages explained several statistical associations including those between catA1, sul1, aadA, elt, astA and estB (found in all Table 1 . Associations between chloramphenicol and kanamycin resistance genes (catA1, cmlA, floR, aphA1, aphA2 and aadB), resistance genes for other antimicrobial agents and virulence genes in epidemiologically unrelated isolates of E. coli (n = 166) catA1 cmlA floR aphA1 aphA2 aadB
Resistance genes aphA1 
Statistically significant values are given as odds ratios and bracketed numbers represent the 95% confidence intervals. Odds ratios above 1 represent positive associations and those below 1 represent negative associations. For instance, an isolate carrying catA1 is 56.8 times more likely to also carry sul1 than to lack sul1. An isolate carrying catA1 is 4 (=1/0.25) times less likely to also carry tet(B) than to lack tet(B); -no statistically significant associations (P > 0.05); NA, not applicable. a Virulence factors tested for include non-fimbrial adhesins: aida-1 (AIDA); enterotoxins: astA (EAST-1, enteroaggregative heat stable enterotoxin), elt (LT, heat labile enterotoxin), estA (STa or STI, heat stable enterotoxin), estB (STb or STII, heat stable enterotoxin), stx2e (Stx2e, shiga-like toxin); fimbrial adhesins: faeG (F4 or K88), fanA (F5 or K99), fasA (F6 or 987P), fed (F18); and other putative virulence factors: paa (Paa, porcine attaching and effacing associated protein) and sepA (SepA, secreted enteropathogenic protein).
six catA1-positive isolates tested); between cmlA, aadA and sul3 (found in all three cmlA-positive isolates tested); and between aadB, floR, aac(3)IV, strA/strB, sul2 and tet(A) (found in three of six aphA1-positive isolates tested). ETEC virulence genes were not associated with any kan R gene.
Discussion
In accordance to other observations in North America, our previous study showed that chloramphenicol and kanamycin resistance is more prevalent among ETEC than other E. coli strains. 1, 3, 9 The distribution of chloramphenicol and kanamycin resistance is complex since multiple genes are responsible for the same phenotype. 10, 11 The present study shows significant differences between populations in the distribution of chl R genes and that catA1 predominates in resistant ETEC. While all three kan R genes were found with similar frequencies across all resistant E. coli populations, aphA1 was more frequent. Maynard et al. 2 similarly showed that catI (same as catA1) was present in 79%, aphA1 in 87% and aphA2 in 19% of resistant ETEC isolates in Quebec, Canada, while aadB was absent. On the contrary, Bischoff et al. 1 found that 98% of chl R ETEC isolates in Oklahoma, USA, carried cmlA, 8% contained cat-2 and 2% had flo. This difference could result from the presence of different ETEC strains or from the spread of different plasmids in Canadian and American populations due to different selection pressures. The recent emergence of a new porcine ETEC strain in Ontario with a new virulence combined antimicrobial resistance-virulence plasmid may support these hypotheses. 12 Several statistical associations were observed between chl R genes, kan R genes, AMR genes and virulence genes. Of most interest were associations between catA1, sul1, aadA, aac(3)IV, tet(A), elt and astA and between floR, aac(3)IV, strA/strB, sul2, tet(A) and aadB. The association between catA1 and aac(3)IV had previously been observed in Canadian ETEC by Maynard et al. 2 While transformation experiments confirmed that catA1, sul1, aadA, elt and astA were physically linked on a plasmid, the statistical associations observed between catA1, tet(A) and aac(3)IV were indirect and due to the simultaneous presence of several virulence and resistance plasmids in a single major ETEC clone. 3 Transformation experiments confirmed that aadB, floR, aac(3)IV, strA/strB, sul2 and tet(A) were carried on a single plasmid with bla CMY-2 . Such associations, which may be of great public health relevance, have already been described on other Salmonella and E. coli plasmids in North America.
13
In conclusion, these results show that despite strong similarities at the phenotype level major genotypic differences exist between chloramphenicol and kanamycin resistance. Kan R genes have a similar distribution across pathogenic and nonpathogenic porcine E. coli, whereas major differences exist in the relative distribution of chl R genes. Both kan R and chl R genes are frequently linked to other AMR genes. However, like tetracycline resistance genes, 3 catA1 is additionally linked to virulence genes on large ETEC plasmids. These linkages may in part explain the long-term persistence of chloramphenicol resistance in ETEC despite its withdrawal years ago. In addition, major differences in the distribution of these linkages can be observed depending on the geographical origin of the strains under investigation. Consequently, resistance must be analysed genotypically with local representative samples to be fully understood.
The present approach incorporating both statistical and molecular methods for investigating gene linkages is a valuable tool, providing numerical evidence that is further supported by a detailed analysis of the underlying genetic phenomena. Finally, the study supports the hypothesis that banning single antimicrobial agents is not always enough to reduce the burden of antimicrobial resistance. More comprehensive evidence-based approaches are needed.
